Interactions between climate change and UV radiation are having strong effects on aquatic ecosystems due to feedback between temperature, UV radiation, and greenhouse gas concentration. Higher air temperatures and incoming solar radiation are increasing the surface water temperatures of lakes and oceans, with many large lakes warming at twice the rate of regional air temperatures. Warmer oceans are changing habitats and the species composition of many marine ecosystems. For some, such as corals, the temperatures may become too high. Temperature differences between surface and deep waters are becoming greater.
Introduction
Interactions between climate change, ozone, and ultraviolet (UV) radiation are altering exposure to UV radiation in aquatic ecosystems. 1, 2 Climate change is causing the average global air temperature to rise and precipitation patterns to change, with important consequences for UV exposure in aquatic ecosystems. On a regional scale, changes in climate are highly variable in both space and time, leading to widespread floods in wetter regions, more severe droughts in drier regions, and increases in extreme storm events. 3 Climate change is reducing annual snow and ice cover, increasing runoff and concentrations of UV-absorbing dissolved organic matter (DOM) in inland and coastal waters, and increasing the strength of a thermal stratification in these systems. Rising atmospheric CO 2 concentration induces ocean acidification and alters seawater chemistry and consequently changes UV protection provided by calcified exoskeletons in many aquatic organisms as well as UV exposure levels in aquatic ecosystems. The ecosystem services provided by marine and inland waters include food and drinking water for a growing human population, moderating extreme temperature and weather conditions, and regulating important greenhouse gas concentrations such as that of atmospheric CO 2 . Freshwater is an indispensible requirement for human existence as well as for all wildlife in terrestrial ecosystems and inland waters. Aquatic ecosystems generate important regional food supplies as well as stimulate regional economies. Fisheries and aquaculture production have increased faster than the world's human population over the last 50 years, constituting an important source of animal protein 4 and feeding approximately 1 billion people in Asia alone, 5 but these increases may not be sustainable. In the next decade, fish production including that from inland and coastal fish farms is expected to exceed that of other forms of protein. 4 Aquatic ecosystems provide other ecosystem services including recreation and tourism, with coral reefs alone estimated to generate US$9.6 billion annually. 6 All of these ecosystem services are being influenced by changes in climate and exposure to changing levels of UV radiation.
Here we present an assessment of the advances in our knowledge over the past four years of how interactive effects of climate change and UV radiation are altering aquatic ecosystems, and the critical ecosystem services that they provide.
Consequences of climate change on snow, ice, DOM and exposure to UV radiation
Melting snow and ice: aquatic productivity under high solar radiation
Over the last few decades, rising temperatures have reduced sea and freshwater ice and snow cover with important consequences for underwater exposure to UV radiation. The global ocean temperature has increased by about 1°C over the last 112 years. 7 However, the temperature was almost 2°C above the average from 1951-1980 in the Arctic 8 and the warming of the water along the Antarctic Peninsula has been five times faster than the global average over the past 50 years. One of the reasons for the large temperature increase and drop in ice volume at the poles is an effective feedback mechanism. Ice and snow reflect most solar radiation back into space. In contrast, water and soil absorb most of this radiation, which results in a substantial warming and increased penetration of UV radiation into the ocean water. The higher water temperatures have reduced the Arctic ice cover by 49% during the summer compared to the average during the years between 1979 and 2000. 9 The total floating ice volume dropped by about 75% during the same time period. Melting of the Arctic Ocean ice now typically starts in April, 50 days earlier than before the warming, 10 and freezing starts in October, about 1 month later than in the past. In recent years Arctic ozone concentrations have decreased, but it is not clear if this trend will continue. It is the first time the O 3 -depleted area is as large as that in the Antarctic. 11 Higher water temperatures resulting in a thinner mixing layer and longer growing season together with increased O 3 depletion all have the potential to increase the exposure to UV radiation of aquatic organisms that live in the upper layers of the water column.
Of major concern is how climate and UV radiation will alter phytoplankton biomass in the open oceans. Oceanic phytoplankton biomass is important in explaining variations in UV transparency and constitutes a large sink for atmospheric CO 2 by taking up a comparable amount of CO 2 to all terrestrial ecosystems. Satellite imaging of chlorophyll data shows that phytoplankton concentrations are much higher at polar latitudes than at mid or equatorial regions:
12 e.g. chlorophyll a concentrations can exceed 20 mg m −3 in the Southern Ocean. Melting ice and snow affect phytoplankton, but local weather and mixing dynamics in the water column contribute differently to the rate and direction of change and are influenced by local weather and mixing dynamics. Judging from 30 years of field studies and satellite chlorophyll fluorescence data, cumulated densities of phytoplankton have decreased by 12% along the West side of the Antarctic Peninsula (Bellingshausen Sea), which has been attributed to increased solar UV-B radiation (280-315 nm) and rapid regional climate change. 13 In the north of the Antarctic Peninsula, however, a lower photosynthetic biomass production is attributed to denser cloud cover and the resulting decreased PAR ( photosynthetic active radiation, 400-700 nm). In contrast, further south there is less mixing, fewer clouds and consequently lower phytoplankton productivity. 13 Increasing cloudiness has been found to limit phytoplankton productivity in the Arctic in open water.
14 However, recent research suggests that thinning of the ice is increasing the overall primary productivity and algal biomass in the Arctic. Before recent Arctic warming, the ice cover was about 3 m thick and accumulated over several years, and prevented most light from penetrating into the water below and limited phytoplankton production. Currently the summer ice layer is only about 1 m thick. Pools from meltwater form on the surface, which function as "skylights". Reduced snowfall further enhances the light availability so that the penetrating solar radiation amounts to about 50% of that incident on the surface. 15 This increased light availability fosters a large growth of ice algae and phytoplankton, which is further supported by nutrients upwelling from below. In 2012 a NASA research cruise (ICESCAPE) to the Chukchi Sea off the coast of Alaska reported an unprecedented huge plankton bloom under the Arctic ice extending down to 50 m, 16 "as dramatic and unexpected as finding a rainforest in the middle of a desert". 17 This high chlorophyll concentration under the sea ice was not known before and could not be detected by satellite-based remote sensing. Consequently the phytoplankton concentration was among the highest ever recorded extending down to 50 m. Similarly, it was found that these massive blooms occur all over the Arctic Ocean. In the open waters of the Arctic Ocean satellite data have shown a 20% increase in the chlorophyll content between 1998 and 2009. 18 Very limited information is available on the effects of changing PAR and exposure to UV radiation on the structure of the food web and total system productivity. In contrast to the discovery of high phytoplankton concentrations under the ice, predictions for the future posit a gradual loss of marine ice algae through loss of sea ice, causing a cascade through the higher trophic levels of the food web. Additionally, meltwater from sea ice and glaciers reduces the salinity, which negatively affects primary producers and the upper levels of the food web. 19 Melting sea ice contains about four times more nitrogen than bulk water, 20 while increasing PAR results in an increase in the carbon to phosphorous ratio in plankton. Therefore reduced sea ice and increased PAR likely mean that phytoplankton food quality is reduced for herbivorous grazers.
Changing ice phenology and light and nutrient availability may also affect species composition. Faster melting of sea ice shifts plankton species toward smaller cell types 21 with a better capacity to absorb solar radiation and take up nutrients, which affects the subsequent food web including fish and mammals. During a 2010 cruise northwest of Svalbard even tropical Radiolaria were found in Arctic waters. 22, 23 Out of the 145 taxa identified during the cruise, 98 had come from areas much farther south and tropical species were reproducing in their new habitat. Due to the decreased ice cover phytoplankton productivity has extended further north attracting more fish. For example, in the past, capelin -an important prey for Atlantic cod -had a maximal distribution up to 75°N, but capelin were found up to 78°N in 2012 with cod following them.
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Increasing dissolved organic matter and exposure to UV radiation
The increased exposure to PAR and UV radiation caused by the smaller and thinner ice and O 3 depletion is partially offset in coastal and inland ecosystems by higher runoff from terrestrial dissolved organic matter (DOM), which decreases water transparency. Increases in global temperature and precipitation (in some areas) are accelerating the release of DOM into lakes, rivers, and coastal oceans. 25, 26 Strong inshore-offshore gradients in DOM are common to distances of 20 km or more from the shore in large lakes, 27 and tens to hundreds of kilometres in the Arctic Ocean (Fig. 1 ). Remote sensing of this DOM 28 provides mechanistic insights into how DOM is changing UV irradiance in coastal and inland waters.
The reasons for the increases in DOM in the Arctic appear to be related primarily to a loss of permafrost. In 2012 a majority of North American and Russian regions reported a 6-10% increase in the depth of soil that thaws annually relative to the average from previous decades. 29 The amount of organic carbon stored in permafrost soils is more than twice that in the atmosphere. Thus, when permafrost thaws, large quantities of DOM stored in the soils can be transported to aquatic ecosystems and outgassed as CO 2 and/or CH 4 after being acted upon by UV radiation and microbes. This DOM is highly photoreactive so exposure to solar UV radiation and visible light accelerate its breakdown and release it to the atmosphere as CO 2 . 30 When permafrost thaws, as much as one third of the organic residues can be converted to CO 2 within two weeks. 31 The increases in greenhouse gases in turn increase warming and further thawing of permafrost with important consequences for the global radiative balance. DOM concentrations have more than doubled in many temperate inland waters in recent decades, and climate change has been suggested to play an important role in these increases, 32 and is expected to lead to a 65% increase in DOM ). Although the satellite cannot detect these shorter wavelengths, algorithms have been developed that lead to an accurate relationship between spectral slope in this range and thus DOM source. Browner colours around the periphery of the Arctic Sea show greater inputs of terrestrial DOM, which is particularly pronounced above Eurasia (from ref. 28 ).
in boreal waters in the future. 25 Increases in precipitation reduce the time that water spends in lakes, which reduces the degradation that occurs when DOM is exposed to UV radiation. 33 The frequency of extreme precipitation events such as hurricanes and summer storms has increased in recent years and dramatically increases the export of UV-absorbing terrestrial DOM to aquatic ecosystems. Up to 63% of the annual DOM may come from the top 10% of precipitation events. 34 A single hurricane can contribute up to 19% of the annual DOM input to receiving waters 35 and increases in DOM associated with a single storm can decrease UV transparency of lake water by a factor of three. 36 Lakes can act as buffers of the seasonal variability in DOM input to streams and rivers, thus moderating DOM increases in downstream regions during high flow periods, and increasing DOM concentrations during base flow conditions. 37 This buffering of extremes does not seem to influence total annual outflow of DOM from the watershed. 38 At the same time DOM inputs contribute to the role of coastal and inland waters in the global carbon cycle. Inland waters are net sources of CO 2 to the atmosphere, venting carbon fixed by terrestrial land plants that have subsequently died and decomposed. 39 Metabolism and UV-dependent photolysis of terrestrial DOM may have important consequences on greenhouse gas emissions from lakes and for global climate. Inland waters emit large amounts of CH 4 , a greenhouse gas that is more than 20 times as potent as CO 2 . The quantity of methane emitted from the world's inland waters is estimated to be equivalent to 25% of the global terrestrial carbon sink 40 making inland waters important players in the climate-UV interactions, despite comprising only a fraction (1%) of the total water on Earth.
In addition to the concentration of DOM, the radiation it absorbs influences exposure to UV radiation of inland and coastal waters. Changes in iron (Fe) concentrations, pH, and land-use patterns modify DOM optical characteristics, degradation, and absorption of UV radiation. While the precise reasons for the Fe increase are still not completely understood, there is evidence that waters with high concentrations of soluble Fe are feeding into the surface waters 41 and contributing to higher UV absorbance of DOM. Photodegradation of DOM is higher at low pH and high Fe concentrations. 42 Peatlands have higher DOM export than do agricultural watersheds and some agricultural landscapes may export more DOM than forested ecosystems. 43 The susceptibility of DOM to degradation by UV radiation and visible light ( photoreactivity) and microbial decomposition (bioreactivity) varies with the source of the DOM. The DOM from agricultural watersheds is less photoreactive than is DOM from forested lands, but these two types of DOM may be similar in their bioreactivity. 44 When exposed to artificial UV lamps in the lab, DOM in water collected from the Chesapeake Bay during base-flow conditions is more photoreactive than that collected during snowmelt in tributaries, but land-use (urban vs. agriculture vs. forested) made little difference. 45 These data collectively suggest that land-use patterns may alter not only the amount of DOM in aquatic ecosystems, but also its quality, UV-absorptivity, and subsequent breakdown rates by UV radiation and microbial decomposition to CO 2 and CH 4 . Apart from reducing the underwater UV radiation and visible light zone, increases in terrestrial DOM alter aquatic food webs via changes in ratios between different basal carbon and nutrient sources. In situ mesocosm studies have demonstrated that increases in nutrient-poor DOM inputs to Arctic lakes will decrease primary productivity and increase heterotrophy (uptake of organic material, in contrast to autotrophy, light driven photosynthesis) within the lake. 46 In contrast, addition of DOM with a higher nutrient content to a nutrientpoor alpine lake can stimulate autotrophy more than heterotrophy. 47 Increasing DOM also traps heat closer to the surface of aquatic ecosystems, increasing surface temperatures, decreasing the depth of the surface mixed layer and decreasing temperatures in deeper waters. These patterns collectively lead to stronger thermal stratification. 48 Because mixing of the water column is reduced, the UV exposure of surface-dwelling organisms may increase or decrease depending on the relative changes in mixing depth versus UV transparency. Further evidence shows that exposure of DOM to solar radiation can lead to the formation of ROS. 49, 50 Increases in DOM may alter aquatic community structure by altering the temperature of inland and coastal waters, decrease exposure to UV radiation, and ameliorate effects of toxic metals and organic pollutants on fish and other aquatic organisms. 51 Collectively these data indicate that climate change-induced inputs of DOM cause severe change in UV transparency and functioning of inland and coastal waters. While DOM provides a refuge from damaging UV radiation for many ecologically and economically important aquatic organisms, it also has the potential to increase the survival of pathogens. 52 Higher concentrations of DOM reduce the effectiveness of natural UV radiation on disinfection of drinking water supplies as well as increase its cost and potential for production of carcinogenic disinfection byproducts. 53 Understanding the role of interactive effects of DOM, ROS concentrations, UV radiation and climate change in aquatic ecosystems will thus be important for sustaining structure and function of the aquatic ecosystem, for example, through fisheries production and the potential to use the water as a drinking water resource.
Thermal stratification and exposure to UV radiation
Many aquatic organisms, such as zoo-and phytoplankton, are restricted to the upper mixed layer (UML), the lower boundary of which is the thermocline. Temperate latitudes are characterised by seasonal changes in temperature and irradiance, which are reflected in seasonal cycles of abundance and species composition. 54, 55 Tropical waters typically exhibit stable thermal stratification. 56 In contrast to polar waters, where the UML can exceed 100 m, in tropical waters it is usually limited to the upper 10-35 m. Across latitudes, nutrient concentrations are higher in deeper layers, but the transport into the mixing zone is limited. As a consequence, these two clearly separated layers shelter distinctly different organisms. At higher latitudes, the input of freshwater from melting ice increases stratification because freshwater is less dense than saltwater. 57 Global climate change results in ocean warming, which makes stratification more pronounced and decreases the depth of the UML, causing organisms through all trophic levels to be exposed to increased visible and UV radiation. 56, 58 In addition, it further limits the transport of nutrients from deeper waters because the lower boundary is more stable. 59 Changes in wind speeds are also altering the depth of the UML in many water bodies. Higher temperatures mitigate the inhibitory effects of UV-B radiation by enhancing enzymemediated photo-repair as well as photosynthetic carbon fixation and quantum yield. 60, 61 The molecular mechanism of this enhancement is based on a significantly higher gene expression and activity at 25°C compared to 20°C as well as augmented enzyme-driven repair. The mitigating effects of elevated temperatures can reduce the UV stress as has been shown in the South China Sea where the photosynthetic carbon fixation was less inhibited by UV-B radiation in the summer than in the winter. 54, 62 The respiration index (log of oxygen to carbon dioxide pressure), which may increase with ocean acidification and changes in multiple climate change stressors, could affect photosynthetic production. 63 In contrast, higher temperatures can impair the cell cycle resulting in lower growth rates. 64 Vertical mixing in the water column largely reduces the UV-induced inhibition of photosynthesis dependent on the mixing frequency and depth, since phytoplankton are constantly moved from the surface to the thermocline and back. Being at the bottom of the UML allows organisms to repair damage that they encounter at the surface, e.g. phytoplankton communities in a coral reef ecosystem where an increased mixing rate and depth results in less UV-B-induced reduction of photosynthetic carbon incorporation. 65 UV-A radiation (315-400 nm) can have positive effects on the growth of larger phytoplankton cells under mixing conditions, since this radiation is used by the enzyme photolyase to split UV-B-induced cyclobutane pyrimidine dimers (CPDs). UV-A radiation also contributes to harvesting of photosynthetic energy. 62, 66 When stratification becomes more pronounced and the mixing layer shallower, hypoxic (low oxygen) areas in inland and coastal waters expand. 67 Harmful algal blooms (dinoflagellates and cyanobacteria) can increase in intensity and frequency in both freshwater and marine habitats due to increasing nutrient availability from terrestrial runoff, rising temperatures and increased stratification. 68 These organisms are not very sensitive to solar UV-B radiation. In summary, the increased water temperature due to global climate change reduces the depth of the UML and the organisms dwelling in this layer are exposed to higher UV radiation (Fig. 2) . Damage from UV-B radiation encountered at the surface is mitigated by repair processes, which are activated when the organisms are passively transported to the lower boundary of the UML. Higher temperatures favour enzymemediated repair of damage by UV radiation.
Ocean acidification and exposure to UV radiation
The pH of seawater is in the range of 7.5 to 8.4 and is relatively stable due to its buffering capacity. However, increasing atmospheric CO 2 concentrations have lowered this value by about 0.1 units, which corresponds to an increase in the H + concentration by 30%. 69 Assuming increasing CO 2 emissions (IPCC A1F1 scenario), an atmospheric concentration of 800-1000 ppmv is predicted by 2100, which will correspond to a pH reduction by 0.3-0.4 in the ocean, an increase in H + ions in surface waters by 100-150%. 56 Ocean acidification in conjunction with UV-B radiation affects enzymatic and other biochemical processes in several aquatic organisms, such as phytoplankton, macroalgae and many animals, such as mollusks and corals. [70] [71] [72] Phytoplankton may serve as a partial remedy to the problem, since they sequester CO 2 through photosynthetic carbon fixation. 21 While many higher plants benefit from increased atmospheric CO 2 concentration, this does not support higher growth rates in phytoplankton. 56, 73 The red tide microalga, Phaeocystis, showed a much lower growth rate under elevated UV-B which was more pronounced under elevated CO 2 , indicating that increasing ocean acidification and UV-B act synergistically to reduce photochemical performance. 74 Zooplankton seem to be little affected by water acidification, although acclimation leads to higher respiration and increased grazing rates. 75 Their shells are mainly composed of chitin, which is not affected by acidification. In contrast, those organisms with outer skeletons of calcium carbonate are affected. Increasing acidity affects calcification in phytoplankton, calcified macroalgae 76 and animals with exo-or endoskeletons such as corals, depriving these organisms of some defense against solar UV-B radiation. 77 UV-B radiation strongly impairs the photosynthetic apparatus in coccolithophorides, while UV-A radiation inhibits calcification. 78 The calcified outer scales form a protective exoskeleton. 79 Cells grown at high calcium concentrations are more resistant to UV radiation than under limited calcium concentrations. 79 In polar regions, dissolution of CO 2 from the air into seawater differs from that in low latitude areas. Low sea surface temperature means that more CO 2 is dissolved than in low latitude waters. Changes in carbonate chemistry of seawater in the high-latitude oceans are already negatively affecting some species. Consequently, it is projected that within decades, large parts of the polar oceans will become corrosive to the shells of calcareous marine organisms. 80 The shells of pteropods, small marine snails (sea butterflies), that are key species in the food web are already dissolving in parts of the Southern Ocean surrounding Antarctica. 81 Ocean acidification has effects not only on biological processes but also on the uptake and availability of iron 82 and ammonium. 55 
Degrees of sensitivity of aquatic organisms
Mechanisms of UV radiation damage
In the upper photic zone, aquatic organisms are exposed to solar UV radiation. Although the UV-B irradiance amounts to only a few percent of the total solar radiation, this wavelength band can be hazardous since it affects biomolecules and cellular structures (Fig. 3) Photosynthesis is specifically prone to damage by solar UV-B radiation. In addition to other targets, radiation damages the D1 protein in the electron transport chain of photosystem II (PS II), and is subsequently removed and during repair replaced with a newly synthesized protein. 86 Higher water temperatures enhance the repair process, while limited nutrient supply impairs the repair mechanisms. 87 An unexpected finding was that UV-B radiation damages phytoplankton more by impairing repair mechanisms than by directly damaging the protein. 88 In addition, solar UV-B radiation affects the accessory pigments that funnel solar energy to the reaction 
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This journal is © The centres. The blue pigments, phycobilins, in cyanobacteria and red algae are especially sensitive to damage. 89 Another main target of solar UV-B radiation is the DNA in both prokaryotic (bacteria) and eukaryotic (organisms with a cell nucleus) organisms. In addition to single-and double strand breaks and the formation of 6-4 photoproducts (and their Dewar valence isomers), the most frequent lesion induced by UV-B radiation is the induction of CPDs. 90 Repair mechanisms for DNA damage include several mechanisms (such as excision repair, mismatch repair and SOS response), but above all the photoactivated CPD photolyase is engaged to break the dimers using the energy of UV-A radiation or blue light photons. 90 Mechanisms to avoid or moderate UV-B radiation-induced damage include vertical migration to move out of zones of excessive radiation found in zooplankton and phytoplankton or by mat formation. 91 With the exception of very small cells ( picoplankton), many aquatic organisms produce UV-absorbing compounds to prevent solar UV-B radiation from damaging the central regions of the cell such as the nucleus. Cyanobacteria synthesize scytonemin to diminish the impact of UV radiation. 92 In addition, phytoplankton and macroalgae produce several mycosporine-like amino acids (MAAs). 93 UV-B radiation-induced reactive oxygen species are removed by enzymatic reactions and non-enzymatic quenchers including carotenoids. 83, 94 Animals such as zooplankton are not capable of synthesizing MAAs, but may take up these substances with their food and use them for protection from solar UV radiation. Several factors make accurate assessment and measurement of the effects of UV radiation on organisms in natural ecosystems very challenging. These factors include the wide variation among organisms in the mechanisms of defense against damage by UV radiation, the need to allow organisms adequate time to adapt to sudden highly elevated UV radiation levels, and assuring accurate measurements of UV radiation. Laboratory experiments with artificial sources of UV radiation often use excessive short wavelength UV-B irradiance levels that are more damaging and have little ecological significance to natural solar radiation due to inappropriate balance in the spectral composition (see Bornman et al. 95 ).
UV radiation exposure levels in aquatic ecosystems exhibit strong gradients over time (daily to annual), depth, and distance from the shore. Different natural populations may vary in their sensitivity to UV radiation over time and may acclimate to the radiation, resulting in some adaptation.
Parasites and pathogens
UV radiation plays an important role in the ecology of many infectious diseases of aquatic organisms, particularly when there is a pronounced difference in the UV radiation tolerance of the host and pathogen or parasite. For example, Metchnikowia is a fungal parasite that is lethal to the important freshwater zooplankton grazer, Daphnia. Relative to its host, the parasite is extremely sensitive to UV radiation and longer wavelength sunlight. Thus in more UV radiation transparent water bodies, outbreaks of this parasite are suppressed and delayed until later in the autumn after incident solar UV radiation has subsided. 52 Natural solar radiation is also highly effective at reducing viral infections in some aquatic organisms including viruses of fish and harmful algal bloom (HAB) species. Some experiments that have manipulated natural sunlight reveal a million-fold decrease in the infectious hematopoietic necrosis virus (HNV) in Atlantic salmon in treatments exposing to sunlight versus dark controls for just 3 hours. 96 Viruses may be responsible for more than half of the mortality of aquatic cyanobacteria, which has led to interest in using cyanophages to control HABs of toxic cyanobacteria. 97 The extreme sensitivity of many viruses to UV radiation damage suggests that knowing more about the changing underwater UV radiation environment may lead to new insights into the potential role of viruses in controlling HAB of cyanobacteria. 97 Trematodes are some of the most common parasites in intertidal systems. Their larvae are free-living for short periods of time between hosts, which range from snails to other invertebrates and birds. During this short, free-living period in very shallow aquatic environments the larvae may be exposed to high levels of solar UV radiation. Recent UV radiation exposure experiments in the laboratory showed that UV radiation caused DNA damage and oxidative stress in the larvae and showed no evidence of photoprotective MAAs or photoenzymatic repair. 98 Similar experiments also demonstrated negative effects of UV-B as well as UV-A radiation exposure on the survival of larvae. In addition, susceptibility to infection of the amphipod secondary host increased when the host was exposed to UV radiation. 99 Further experiments on this trematode parasite system revealed significant interaction effects between UV radiation and temperature, with greater UV radiation effects at 20°C vs. 30°C.
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Parasites may also play some role in altering the exposure to UV radiation of infected fish hosts. Three-spined stickleback undergo daily vertical migration and are generally deeper in the water column during the day than during the night. However, individuals captured in the surface waters during the day have a higher parasite load than those captured at night, which increases the potential for this parasite to be transmitted to its definitive host -fish-eating birds. 101 Increasing evidence is accumulating for the direct and indirect effects of exposure to UV radiation on several marine fish species. Melanosis and melanoma skin cancer rates of up to 15% have been reported in coral trout in the Great Barrier Reef of Australia (Fig. 4) . 102 The role of UV radiation in the induction of this high prevalence is unknown. In shallow, UV-transparent aquatic ecosystems, such as coral reef flats, photobleaching may lead to destruction of corals and may result in further negative effects when UV radiation and interactions with multiple stressors occurs. 103 
Bacteria and viruses
Heterotrophic bacteria and viruses are more affected by UV radiation than phytoplankton since they do not synthesize UVabsorbing pigments (but they can repair UV induced damage).
Their small dimensions would require extremely large concentrations of these substances to effectively protect them from excessive short-wavelength radiation. 104 These organisms respond to UV radiation with adaptive processes such as increased frequency of division, but exposure to UV radiation results in significant changes in species composition due to a varying UV sensitivity of different bacteria taxa. 105 Acclimation to long-term UV exposure has also been found in natural subAntarctic phytoplankton communities. Inland and coastal waters are rich in bacterioplankton, which feed on the high concentrations of humic substances. 106 Bacteria are under pressure from UV-B and UV-A radiation components of sunlight, but recover when the solar radiation decreases during the daily cycle. The highest bacterioplankton activity has been found between 5 and 10 m, below the depths of high solar UV-B radiation exposure. Inhibitory effects of UV radiation on bacterial growth are mitigated by water mixing. 107 Different strains have different sensitivity to higher temperatures and UV radiation, leading to selection of more resistant strains and species. Whether or not genetic adaptation may also mitigate the effects of altered stress parameters needs to be examined. 108 
Phytoplankton
The amount of solar UV and visible radiation determines the species composition of phytoplankton blooms. Large-celled diatoms are less affected by solar UV-B radiation and can utilise high light irradiances. 109 In contrast, small-celled phytoplankton such as the ecologically important cyanobacteria and small eukaryotes experience more UV-B-induced damage than larger cells. 110 In oligotrophic waters (waters with low nutrient contents) solar radiation induces a higher kill rate in marine picoplankton than in larger cyanobacteria and eukaryotic phytoplankton. 111 The main driver for mortality is UV-B radiation since filtering out this short wavelength radiation significantly enhances survival. Surface samples are more resistant to solar UV-B radiation than samples collected at depth. Exposing phytoplankton samples experimentally at a fixed depth inhibits photosynthesis more than under natural conditions, where the organisms are moved within the mixing layer. 112 The mitigation of the UV-induced inhibition of photosynthetic carbon fixation depends on the mixing rate and depths as shown in tropical coral reef phytoplankton assemblages. 65 Phytoplankton of the same taxonomic groups can have significant different sensitivities toward solar UV-B radiation depending on their geographical origin, such as tropical, temperate and Antarctic habitats. In contrast to UV-B radiation, even the highest applied doses of UV-A radiation did not cause growth inhibition. After periods of excessive UV radiation some phytoplankton species, such as the marine diatom Phaeodactylum tricornutum, show a higher growth rate, which partially compensates for prior UV-induced growth reductions. Photosynthesis in phytoplankton is damaged by UV-B radiation mainly at the D1 protein but with higher temperatures increasing the repair rate. 87 Primary production in freshwater systems is, in contrast to that in marine systems, often limited by phosphorus. Because of this, the effects of UV radiation on phosphorus metabolism can be important in freshwater aquatic ecosystems. For example, in a high mountain mesocosm experiment, heterotrophic microorganism biomass (bacteria and flagellates) increased when phosphorus addition was reduced by 80% if UV radiation was excluded. 113 Sereda et al. investigated how ambient UV radiation affects the phosphorus metabolism of plankton communities from 18 lakes in Ontario and Saskatchewan. 114 The turn-over time for phosphorus and the steady state phosphate concentration increased when the organisms were exposed to UV radiation. The concentration of phytoplankton strongly depends on the pressure by grazers. For example, the seasonal abundance and feeding patterns of copepods in a pelagic food web in the White Sea showed that up to 85% of the daily phytoplankton biomass was consumed by calanoid copepods. 115 Exposure to UV radiation affects the quality of phytoplankton in terms of food for zooplanktonic grazers. 116 Therefore the level of UV-B radiation is an important modulator of the phytoplankton standing crop.
Mitigation of UV-induced damage by UV-absorbing substances
Phytoplankton use a number of effective repair mechanisms as well as UV-absorbing substances (mostly MAAs) to mitigate UV-B-induced damage of DNA and the photosynthetic apparatus. Samples from phytoplankton blooms under the ozone 
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This journal is © The 'hole' counterintuitively show significantly less inhibition of the photosynthetic quantum yield by UV-B radiation than those from outside the ozone-depleted areas, indicating the protective role of their higher MAA concentration. 117, 118 Another reason for these findings may be that large-size cells occur inside the blooms while outside the blooms smaller cells prevail, which, due to their small size, cannot take advantage of the MAA protection. Ryan et al. experimentally measured the effects of UV-B radiation on sea-ice algae in Antarctica 119 and concluded that brine channel communities were better protected from UV-B radiation. They speculate that the high tolerance to UV-B radiation in the brine communities could be due to production of MAAs.
Concentrations of UV-absorbing compounds such as MAAs increase with higher exposure to solar radiation in phytoplankton and macroalgae and decrease under experimental conditions without UV. 120 In parallel, inhibition by UV radiation of growth and photosynthesis is mitigated with increased content of MAAs. Higher levels of nitrate result in higher contents of MAAs, while phosphate limitation did not affect the MAA content. 121 In addition to their UV-absorbing properties,
MAAs serve as antioxidants scavenging ROS.
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MAAs are produced in algal cells and protect against UV-B radiation. The production depends on species, degree of impairment, and locality. 123 Large differences have been found in MAA production, which correlated with differences in species composition and sensitivity to UV-B radiation. Phytoplankton in inland and coastal waters are generally less tolerant to UV radiation than open ocean assemblages. This is probably because they need less protection and therefore have developed lower MAA concentrations as a consequence of the lower transparency of the water. 124 UV-B radiation can impair growth and development, morphology, photosynthesis and nutrient uptake in coastal phytoplankton species. 125 In the tropics UV-absorbing MAAs within phytoplankton cells show the same concentration year round, while in temperate waters MAA concentrations are lower in winter than in summer in surface waters <50 m. 93 MAA expression is linearly related with the UV irradiance at the surface. In the tropics, phytoplankton is under considerable UV-B radiation stress on sunny days. On cloudy days microplankton (>20 µm) use UV-A radiation as an energy source for photosynthesis, while picoand nanoplankton are impaired. 126 Cloud patterns and density affect the level of UV radiation, but this has rarely been studied in detail. Along a 13 000 km meridional transect (from 52°N to 45°S) the highest MAA concentrations were found in the south (>40°S) and in the north subtropical region. 93 
Interacting stress factors
Satellite monitoring of the oceans shows that phytoplankton concentrations have been declining at about 1% per year over the past 50 years. 127 Laufkoetter et al. 128 calculated a different number for the decrease (6.5% during the period 1960-2006), simulating phytoplankton net primary production on a global scale with large spatial resolution. However, there are large areas of uncertainty: even though the external factors of temperature, pH, CO 2 supply, nutrients, PAR and UV irradiances and mixing depths are known to be primary variables driving photosynthesis and production, their interactions have not been thoroughly investigated. 56 This interacting web can only be disentangled by multifactorial analysis and modelling. 129, 130 In order to reveal the effects in nature with its fast changing temperature, solar radiation and nutrient availability, large scale, long-term studies are needed in the relevant ecosystems. 56 This is difficult and time-consuming because of the vast areas to be covered, the diversity of organisms and ecosystems and the low concentrations of cells, especially in open ocean waters. The effects of the many possible feedback mechanisms on marine primary producers are largely unknown. For example, do higher temperatures of the oceans result in denser cloud cover? This could result in lower exposure of the phytoplankton to solar UV radiation and PAR, favouring taxa that are more sensitive to UV radiation. 131 Feedback systems have the potential to change the species composition of future assemblages of primary producers with large consequences for inland and marine food webs. Feedback between UV radiation and inland and coastal ecosystem organisms also has the potential to moderate climate. For example, phytoplankton and macroalgae produce dimethylsulfoniopropionate (DMSP), 132 which acts as an osmolytic substance or as an antioxidant. DMSP is excreted and broken down to dimethylsulfide (DMS), which enters the atmosphere and down-regulates global warming and reduces the UV-B radiation reaching Earth. In temperate shelf areas, the key phytoplankton species, UV irradiance and nutrient concentrations determine the seasonal cycle of DMS. Ocean acidification reduces DMS accumulation, enhancing global warming, but the role of UV radiation on the production of DMS has not been investigated. 133 Increasing environmental pollution, such as crude oil spills, affects algae and bacteria, especially in the Arctic shallow-water marine habitats. Pyrene is a component of crude oil and accumulates in the sediment where it exerts a synergistically negative effect with increased solar UV-B radiation. 134 Pyrene is taken up by and concentrated in the cells where it reduces growth rate. In the Greenland Current and Arctic Ocean persistent organic pollutants (POP) accumulate in phytoplankton as documented during the ATOS-ARCTIC cruise on board the R/V Hespérides. 135 Exposure to solar UV radiation alters the fatty acid concentration in several phytoplankton groups 136 and affects enzyme activity and nitrogen assimilation in both eukaryotic and prokaryotic phytoplankton. However, the sensitivity of phytoplankton species to UV-B radiation is modified by the light history indicating some short-term acclimation to UV-B radiation stress. 137 Comparable levels of solar UV-B radiation caused the same degree of growth inhibition in phytoplankton in coastal and offshore surface waters of the South China Sea under clear skies by about 28%. In contrast, inhibition by UV-A radiation was higher in open water samples (13%) than in coastal water samples (4%). 66 Due to terrestrial runoff, coastal ecosystems often have higher nutrient concentrations than open ocean systems. In some taxa, such as dinoflagellates, higher nutrient supply (N and P) augments the quantum yield resulting in a different species composition than in open oceanic waters. 138 For example, dinoflagellates may outcompete diatoms when rivers deliver larger nutrient loads to coastal waters. 139 High nutrient concentrations in coastal waters often induce blooms of toxic phytoplankton (e.g. dinoflagellates), which enter the food chain and can be poisonous to humans. However, solar UV-B radiation does not seem to impair these red tide phytoplankton species. 68 The toxicity of many pollutants increases with exposure to UV radiation. Inland and coastal marine environments are under stress from these interactions between UV radiation and pollutants such as polycyclic aromatic hydrocarbons (PAHs), which form from combustion engines, and water-soluble fractions of heavy oil that affect plankton communities. Toxicity of PAHs is enhanced by solar UV radiation as shown with natural phytoplankton communities from the Mediterranean Sea, and Atlantic, Arctic and Southern Oceans. 140 Natural phytoplankton communities pre-stressed with UV-B radiation are more susceptible to pollutants, such as atrazine, tributyltin or crude oil, which enter coastal waters from terrestrial drainage or maritime traffic, than those grown under UV radiation-free conditions.
Benthic organisms
Several studies have demonstrated the response of benthic (bottom-dwelling) organisms and communities to solar UV radiation in shallow aquatic habitats. In combined laboratory and field experiments freshwater snails were found to have several mechanisms to avoid damage from UV radiation including behavioural avoidance, photorepair, increased shell thickness, pigmentation and body size. 141, 142 Juvenile benthic marine polychaetes showed reduced growth and development of tentacles when fed detritus derived from diatoms preexposed to artificial UV-B radiation from lamps versus diatoms that were not pre-exposed to UV-B radiation. 143 Ostracods, small crustaceans that thrive in shallow benthic habitats, have shells that block 60-80% of UV radiation, as opposed to the exoskeleton of more planktonic Daphnia that block only 35% of UV radiation. 144 In a four month-long field experiment on tidal flats where the benthic community was followed when ambient UV-B or UVB + UVA radiation was excluded, the only structural change was a doubling of ostracod biomass under UV radiation compared to PAR only treatments. Seaweeds are an important group of benthic organisms for coastal ecosystems. In addition to being primary producers, seaweeds shape local environments that are important for many animals including fish larvae. Seaweeds are located in fixed positions and need sunlight for photosynthesis and thus cannot escape exposure to high UV radiation. A substantial species-dependent variation in sensitivity to UV radiation correlates with vertical zonation, and smaller and juvenile seaweeds are generally the most sensitive. 145 Seaweeds have several life stages of which some are motile (zoospores and gametes) and important for the expansion of the species to new locations. These stages may also be sensitive to DNA damage by solar UV-B radiation as they have only one gene copy.
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The seafloor also harbours benthic communities in the form of invertebrates, bacteria, fungi and microalgae. An experimental study examined the effects of different radiation regimes on the development of these benthic communities in Spitsbergen. 147 A total of 17 algal and invertebrate taxa were analysed. No detrimental effects were found from UV radiation (relative to PAR only), although in some species the abundance increased, especially under UV-A radiation. This indicates that at the community level the effects of exposure to UV radiation are dependent on species composition and successional stage. A recent study on the impact of multiple stressors, including UV radiation, temperature and ocean acidification on molluscan development 148 showed that the embryos developed significantly better at 26°C than at 22°C. Mortality was significantly higher at 22°C and pH of 7.6. UV radiation had no significant impact on the embryonic development.
Zooplankton
Changes in species composition resulting from climate change 149 may favour species that have different UV tolerances.
Species that routinely experience high levels of UV radiation are better protected than those that are used to low levels of UV radiation, as was demonstrated by the differences in the UV absorbance of carapaces of Daphnia originating from high UV alpine and low UV boreal lakes. 150 In a field survey in Argentina, the relative abundance of more UV-tolerant copepods versus less UV-tolerant Daphnia increased with the distance from the turbid input of a glacier, suggesting UV radiation as a possible regulator of zooplankton community structure, although a role for other factors that changed along the gradient cannot be ruled out. 151 The response of species to UV radiation varies and is related to the extent of their ability to use various UV avoidance or protection strategies. Evidence confirms that exposure to UV radiation plays an important role in stimulating downward migration of zooplankton during the day in highly transparent waters. These observations have recently been integrated with past studies to develop a more comprehensive theory of daily vertical migration (DVM). 152 Some of the strongest evidence for the importance of UV radiation in DVM comes from alpine lakes that lack the visually feeding fish that are often implicated in DVM. For example, in high elevation lakes in Northern Italy 153 and Poland, 154 crustacean zooplankton migrate to deeper depths during the day in spite of the lack of fish or other visual predators. In the Italian lakes the abundance of crustacean zooplankton in the surface waters of 13 lakes during the day was found to be similar in those lakes with and without fish, suggesting that it is not fish predation that excludes zooplankton from the surface waters of these lakes. 155 In temperate lakes of glacial origin in situ experimental manipulation of fish and UV radiation in 15 m deep mesocosms similarly revealed that UV radiation induced stronger downward migration than did the presence of fish. In this same study, Daphnia were found to migrate upward in the water column during daylight following a strong storm event that reduced water transparency to UV radiation and visible light. In some marine systems copepods may occur deep enough in the water column that UV radiation plays little or no role in DVM. 151 Collectively these observations suggest that changes in water transparency due to climate change are likely to influence the vertical distribution and abundance of zooplankton, a critical link in both freshwater and marine food webs. The importance of the sublethal effects of UV radiation on both freshwater and marine zooplankton has become increasingly recognized. Sublethal effects of UV radiation on marine copepods include reduced egg quality and survival of larvae. 151 In a series of laboratory experiments marine copepods grazed at higher rates on algae that had previously been exposed to elevated levels of UV radiation. 157 Further advances have been made in understanding defense mechanisms against UV radiation in freshwater and marine zooplankton, including the trade-offs among multiple defenses and pressures from visual predators and other environmental factors. A recent meta-analysis shows that copepods from freshwater ecosystems have more carotenoids than marine copepods, but that the two groups have similar amounts of MAAs. 151 Repair and antioxidant enzymes may similarly provide defense against UV radiation and visual predators simultaneously. Following exposure to artificial UV radiation, freshwater calanoid copepods rapidly activated enzyme systems that reduce peroxidation, cell death, and damage to neurotransmitters. 158 Freshwater copepods challenged by simultaneous exposure to fish predation and potentially damaging UV radiation can exhibit trait compensation wherein they increase anti-oxidant enzymes and decrease pigmentation, thus reducing damage by both threats. 159 Higher concentrations of carotenoid photoprotective pigments have been observed in copepods in shallow turbid lakes with lower water transparency, apparently due to the lack of aquatic plants and increase in wind-driven turbulence that exposes the copepods to surface UV radiation. 160 
Fish, amphibians and mammals
Recent evidence indicates that changes in the underwater UV radiation environment may play an important role in regulating invasive fish in cold, clear-water lakes. Studies of two species of invasive warm-water fish (bluegill and largemouth bass) and one native (Lahontan redside) fish in Lake Tahoe, California-Nevada, have demonstrated strong differences in tolerance to UV radiation between native and invasive species. Warm temperatures in shallow near-shore habitats are necessary for the invasive species to breed. High UV transparency in these near-shore habitats prevents the warm-water invasive species from successfully breeding due to the low tolerance to UV radiation of their larvae. Climate change and other disturbances that reduce UV transparency of waters in the warmer shallow shoreline habitat can open an invasion window that permits the invasive warm-water species to become established and reduces native species population sizes through competition and predation. 161 The differences in tolerance to UV radiation between invasive and native species can be used in fisheries management to exclude the warm-water invasive species by developing minimum UV attainment thresholds and maintaining high UV transparency of the shoreline breeding habitats. 162 Histological studies have demonstrated that species of fish native to highly UV transparent lakes are also more tolerant of simultaneous exposure to solar UV radiation and pollutants such as polycyclic aromatic hydrocarbons (PAHs) than are invasive warm-water species found in characteristically less UV transparent lakes. 163 UV radiation and PAH exposure experiments confirmed these results as well as those showing that the native species have more melanin for coping with high UV radiation levels than do the invasive species. 164 Other recent studies have demonstrated both behavioural avoidance as well as other indirect and direct damaging effects of UV radiation on fish. Experiments that manipulated natural UV radiation with filter foils demonstrated that the survival of freshwater yellow perch larvae is more negatively influenced by UV-A radiation and longer wavelength UV-B and UV-A radiation than by the shorter wavelength UV-B. 165 Experimental studies manipulated exposure of two species of salmon fry to solar UV-B radiation in outdoor rearing tanks and tagged smolts using acoustic transmitters to examine their growth rates during rearing as well as subsequent survival rates in the marine environment. 166 Exposure to UV-B radiation led to a decrease in early growth of Coho salmon, but had no effects on early survival of either species in the oceans. Exposure of European sea bass larvae to even low levels of artificial UV radiation in the laboratory led to behavioural avoidance, reduced ability to osmoregulate, as well as increased mortality. 167 Atlantic cod larvae subjected to prior exposure to artificial UV lamps showed subsequent reductions in the ability to escape suction predators, but not tactile predators; 168 feeding rates were also reduced compared to unexposed controls. 169 While these studies suggest reductions in feeding will translate to reduced survival under natural conditions, 169 this speculation is in contrast to a prior study with largemouth bass larvae under more natural conditions in lakes, where the presence of UV radiation stimulated feeding on zooplankton. 170 An analysis of the relationship between brown trout biomass and DOM in 168 lakes in Southern Norway revealed a unimodal relationship with a peak in fish biomass at intermediate DOM levels; 171 UV radiation was hypothesized to play a role in decreased biomass at low DOM levels. In a comprehensive assessment of exposure to UV-B radiation in amphibian breeding habitats, UV-B radiation levels were estimated to be high enough to seriously threaten wood frogs breeding in northern Minnesota vernal pools. 172 Reductions in forest canopy cover due to timber harvest as well as changes in water transparency or pool depth related to climate change may further alter exposure to UV radiation in these amphibian breeding habitats.
Marine mammals are being influenced not only by direct damage from exposure to solar UV radiation, but also indirectly through pollution of coastal marine habitats by anthropogenic sunscreen chemicals (sun-tan lotions). They contribute to the bleaching of corals by promoting viral infections and may change the sex of fish. 173 Methods for identifying UV-induced skin damage in humans based on real time PCR and mitochondrial DNA (mtDNA) biomarkers have been recently modified and applied to whales. 174 Individuals of three different whale species showed significant variations in mtDNA damage in the skin using these techniques. Different species of whales vary in their strategies for coping with exposure to UV radiation. Blue whales, which have relatively pale skin, vary their melanin production seasonally as UV radiation levels vary with their migrations across latitudes; the inverse relationship between melanin and levels of damage from UV radiation suggest that melanin is an effective defense against UV radiation in these cetaceans. 175 Sperm whales, which spend more time in the high UV radiation environments at the surface of the ocean all year long, have more melanocytes than blue whales, but similar amounts of melanin. 175 The widely used human sunscreen compound, octocrylene, has recently been found in the liver of dolphins off the coast of Brazil. 176 Thus it could also have effects on humans.
Gaps in knowledge
While the response of aquatic biomass producers to solar UV-B radiation and global climate change have been characterized to some extent, the effects of interacting stress factors on natural assemblages and ecosystems needs to be further investigated. How the changes in phytoplankton species composition, due to differential sensitivity of individual species caused by UV radiation and interaction with other environmental factors such as temperature, will affect the subsequent food web including fish and mammals also needs to be quantified. There are limited records on the dynamics of overall effects of UV radiation on physical, chemical, and biological attributes of oligotrophic biomass changes. Ocean acidification due to increased atmospheric CO 2 concentrations alters the marine chemical environment, which in turn interferes with UV radiation-protecting calcification in many aquatic organisms including phytoplankton, macroalgae and animals such as molluscs and corals. Multifactorial effects including UV-B radiation and ocean acidification on diverse organisms as well as ecosystems should to be studied in order to understand the impacts of future ocean climate changes.
Aquatic organisms employ several lines of defense mechanisms to mitigate the damaging effects of UV radiation. A number of ecologically and economically important organisms need to be screened for the presence of photoprotective compounds and molecular mechanisms of repair.
There is limited knowledge on the cumulative effects of UV radiation-climate change interactions on the nature and type of invasive species and its impact on native populations in aquatic ecosystems.
